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SECTION 1 

INTRODUCTION 

This is the second semiannual report of progress under Contract 

NAS7-514, an 18-month program o f  systematic investigation to improve 

thermionic converter performance. Thermionic converter performance 

may be improved by either reduc;?:: cesium vapor plasma losses or lower- 

ing the collector work function. Examining the plasma losses first, 

it is assumed that the plasma has been made free of gaseous or solid 

impurities which could originate from converter structural components 

or impurities indigenous to the cesium vapor itself. Therefore, the 

addition of compounds or materials to the plasma should be of a non- 

contaminating type. Gaseous additives which are added in an attempt 

to achieve a Penning mixture excitation-ionization action have not 

been successful since cesium has the lowest known energy level diagram 

among the abundant elements, nor is there any metastable state of an 

element which could serve to populate the ion state (molecular or 

atomic) of cesium. There have also been various schemes of exposing 

cesium vapor to resonance radiation from a cesium source or pulsing a 

third element (grid) to produce ions which would diffuse into the inter- 

electrode space. However the absence of significant, long-life per- 

formance demonstration from any of these approaches has generally led 

EOS to the conclusion that plasma losses in a thermionic converter can 

only be minimized by the proper adjustment of cesium vapor pressure 

and interelectrode spacing. EOS has investigated the emitter-collector 

electrode systems of polycrystalline rhenium-rhenium and rhenium- 

molybdenum over a wide range of emitter temperature (Ref. 1) and estab- 

lished that the maximum voltage output at a fixed current density occurs 

at a pressure times interelectrode distance, or pd product, of 16.0 *0.8 

mil-torr. The role of the emitter may be characterized as follows: 
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For a selected emitter tempel,---., the current level desired is 

strictly a function of the cesium vapor pressure. 

been noted that at a fixed emitter temperature, the higher bare work 

function materials such as polycrystalline rhenium and single crystal 

(110) tungsten require a lower cesium vapor pressure to achieve a 
selected current level than the lower bare work function materials 

such as polycrystalline tantalum or molybdenum. 

bare work function materials allow the use of a lower cesium pressure 

(for a given current density) and thus allow a wide spacing between 

electrodes (consistent with an optimum pd of 16.0 3~0.8 mil-torr). 

Higher current levels can be achieved with these materials at a given 

temperature and variable cesium pressure, but only at the expense of 

voltage output. 

It has generally 

Therefore, the higher 

In summary, it appears that plasma losses can be practically minimized 

only by achieving the optimum interelectrode spacing-cesium pressure 

conditions of 16 mil-torr. The emitter material contributes indirectly 

to converter performance in that it participates in the determination 
of the spacing between electrodes for given temperature and cesium 

pressure conditions. The collector, specifically the collector work 

function, remains to be discussed. There are some simple considera- 

tions governing the choice of collector materials which yield low work 

functions : 

a. The material must be compatible with high pressure cesium 
and operate reliably for long periods at temperatures from 
6OOOC to 800°C. 

b. For the conditions just described, it should be capable of 
10,000 hours life at a constant work function value. 

c. In the case of high temperature (2000OK or greater) emitter 
operation, the emitter and collector should be of the same 
material to prevent thin film evaporation and attendant 
changes in work function; at low emitter temperature (1600- 
1700OK) operation, a two-material electrode system of the 
proper materials could be feasible for long life operation. 
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Coupled w i t h  t h e s e  r u l e s  i s  the  simple ~ e m p i r i c a l  expe r i ence  of thermi- 

o n i c  i n v e s t i g a t o r s  t h a t  t he  h i g h e s t  bare  work f u n c t i o n  materials y i e l d  

the  lowest c e s i a t e d  work f u n c t i o n s  and are  hence the  b e s t  cand ida te s  

f o r  s i m p l e  c e s i a t e d  c o n v e r t e r  c o l l e c t o r s .  EOS has  r e c e n t l y  added sub- 

s t a n c e  (Ref. 1) t o  t h i s  observa t ion  by r e p o r t i n g  some i n t e r e s t i n g  p re -  

c i s i o n  measurements ob ta ined  i n  both v a r i a b l e  parameter t e s t  v e h i c l e s  

and conve r t e r  hardware con ta in ing  p o l y c r y s t a l l i n e  rhenium emit ters  and 

p o l y c r y s t a l l i n e  molybdenum c o l l e c t o r s .  E m i t t e r  temperature  o p e r a t i o n  

of  220OoC f o r  b r i e f  p e r i o d s  of time i n  both i n s t a n c e s  was s u f f i c i e n t  

t o  c o a t  t he  molybdenum c o l l e c t o r  su r face  w i t h  a t h i n  l a y e r  of rhenium 

which r e s u l t e d  i n  a n  i n c r e a s e  i n  the v o l t a g e  ou tpu t  i n  both c a s e s  by 

e x a c t l y  the  d i f f e r e n c e  between t h e  minimum work func t ions  of  cesium- 

on-polycrystal l ine-rhenium and cesium-on-polycrystalline-molybdenum. 

The h ighe r  ba re  work f u n c t i o n  m a t e r i a l ,  rhenium, when employed a s  a 

c e s i a t e d  c o l l e c t o r  s u b s t r a t e ,  y i e l d s  10-15 pe rcen t  h i g h e r  v o l t a g e  o u t -  

p u t  than molybdenum. 

The u s e  of a h igh  b a r e  work func t ion  m a t e r i a l  as a c o n v e r t e r  c o l l e c t o r  

s u b s t r a t e  is  one of t h e  c e n t r a l  themes of t h e  p r e s e n t  EOS thermionic  

r e s e a r c h  and development program. Among t h e  s t a t e - o f - t h e - a r t  mater ia ls ,  

o r i e n t e d  vapor-deposi ted rhenium appears t o  possess  t h e  most c o n s i s t -  

e n t l y  h i g h  b a r e  work func t ion .  The measurements d i scussed  i n  S e c t i o n s  

2 and 3 o f  t h i s  r e p o r t  have e s t a b l i s h e d ,  f o r  a l i m i t e d  sample s e l e c -  

t i o n ,  t h a t  t h e  b a r e  work f u n c t i o n  of "or iented" vapor-deposited rhenium 

i s  5 .12  f0 .03  eV. The appa ra tus  employed i n  t a k i n g  t h e s e  measurements 

were guard-r inged dev ices  operated i n  u l t r a h i g h  vacuum systems and 

u t i l i z e d  p r e c i s i o n  l a b o r a t o r y  means f o r  measuring t empera tu res ,  v o l t -  

a g e s ,  and e l e c t r o n  c u r r e n t .  Supporting t h i s  e f f o r t  i s  a s u r f a c e  work 

f u n c t i o n  s tudy  of vapor-deposi ted rhenium u t i l i z i n g  t h e  EOS thermionic  

emission microscope which was modified t o  y i e l d  high magni f ica t ion  

(> lOOOX) and allowed h igh  temperature o p e r a t i o n  (20OOOK) o f  e m i t t e r  
- 9  samples wh i l e  main ta in ing  background p r e s s u r e s  of  10 t o r r .  The re-  

s u l t s  of t h i s  s tudy  have been both q u a l i t a t i v e  and q u a n t i t a t i v e  i n  
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na tu re .  Q u a n t i t a t i v e l y ,  t h e  s t u d i e s  provide  emission measurements 

from i n d i v i d u a l  areas w i t h i n  t h e  g r a i n s  of t h e  e m i t t e r .  Q u a l i t a t i v e l y  

t h e  s tudy  provides  e l e c t r o n  emission micrographs of  h igh  r e s o l u t i o n  

( 0 . 2 ~ )  f o r  observ ing  t h e  phenomenon o f  secondary r e c r y s t a l l i z a t i o n  

and t h e  e f f e c t s  on s u r f a c e  work func t ion  of v a r i o u s  s u r f a c e  prepara-  

t i o n s  such as vacuum h e a t  t rea tment  and e l e c t r o - e t c h i n g .  O f  p a r t i c u -  

l a r  i n t e r e s t  du r ing  t h i s  s tudy  w a s  t h e  i d e n t i f i c a t i o n  o f  mic ros t ruc tu re  

w i t h i n  i n d i v i d u a l  g r a i n s  of  vapor-deposi ted rhenium which sometimes 

v a r i e d  i n  e l e c t r o n  emiss ion  by an o rde r  of  magnitude from the  rest  of  

t h e  g r a i n .  I f  t h e s e  i n t e r g r a i n  emission measurements can be c o r r e l a t e d  

t o  an e f f e c t i v e  work f u n c t i o n ,  t h e  va lues  of  work func t ion  d i f f e r  by 

0 . 4  e V  from t h e  sur rounding  g r a i n .  The o r i g i n  and cha rac t e r  o f  t h i s  

m i c r o s t r u c t u r e  i s  p r e s e n t l y  be ing  s t u d i e d  i n  more d e t a i l ,  s i n c e  i f  i t  

were p o s s i b l e  t o  e l i m i n a t e  o r  c o n t r o l  t h i s  s u r f a c e  work func t ion  aber-  

r a t i o n ,  vapor-depos i t ion  s u r f a c e s  could b e  opt imized t o  y i e l d  work 

func t ions  c l o s e r  t o  s i n g l e  c r y s t a l  work f u n c t i o n  va lues .  

Subsequent t o  t h e  b a r e  work func t ion  de te rmina t ion  and emission micro- 

scope s t u d y ,  t h e s e  s a m e  vapor-deposi ted e l e c t r o d e  samples a re  be ing  

r e a d i e d  f o r  i n v e s t i g a t i o n  i n  a v a r i a b l e  parameter  t e s t  v e h i c l e  (VPTV) 

which w i l l  measure t h e  performance of  t h e s e  samples i n  a cesium vapor 

environment.  The VPTV is  i d e n t i c a l  in des ign  and cons t ruc t ion  t o  t h o s e  

d e l i v e r e d  t o  t h e  Jet P ropu l s ion  Laboratory under JPL Contract  951225. 

Among t h e  f i r s t  measurements t o  b e  ob ta ined  i s  t h e  minimum c e s i a t e d  

work f u n c t i o n  o f  o r i e n t e d  vapor-depos i ted  rhenium. Other  measurements 

w i l l  i nc lude  v e r i f i c a t i o n  of  t h e  optimum cesium p r e s s u r e - i n t e r e l e c t r o d e  

d i s t a n c e  product  d a t a  as r e l a t e d  t o  both  v o l t a g e  output  a t  a f i x e d  

c u r r e n t  l e v e l  and onse t  of i o n i z a t i o n .  Thermionic power output  d a t a  

on a vapor-deposi ted rhenium e l e c t r o d e  system w i l l  a l s o  b e  obtained 

over  a wide range  of  emitter temperatures  f o r  opt imized cesium p res -  

s u r e ,  i n t e r e l e c t r o d e  spac ing ,  and c o l l e c t o r  temperatures .  The very  

c lose-spaced  e l e c t r o d e  reg ion ,near  0.0005 inch and l e s s ,  w i l l  a l s o  be  
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. .  

s t u d i e d  t o  g a t h e r  f u r t h e r  d a t a  t o  augment t h e  t h e o r e t i c a l  study of  

t h e  space charge  r eg ion  of t h e  cesium vapor thermionic  conver te r  oper-  

a t i o n .  T h e o r e t i c a l  development of  t h e  double diode behavior  a t  c l o s e  

spac ing  w a s  p resented  e a r l i e r  (Ref. 2) and i s  reviewed i n  t h i s  r e p o r t  

w i t h  a d d i t i o n a l  r e s u l t s  from a computer s o l u t i o n .  I n  t u r n ,  t h i s  com- 

p u t e r  s o l u t i o n  i s  compared t o  d a t a  from t h e  VPTV measurements on t h e  

p o l y c r y s t a l l i n e  rhenium e m i t t e r - p o l y c r y s t a l l i n e  rhenium c o l l e c t o r  s y s -  

t e m  of e l e c t r o d e s .  The computer program allows s o l u t i o n s  f o r  v a r i o u s  

combinations of e l e c t r o d e  m a t e r i a l s ,  provided t h e i r  c e s i a t e d  work 

func t ions  are known. 
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SECTION 2 

VACUUM EMISSION MEASUREMENTS FROM VAPOR-DEPOSITED RHJ3NILJM 

The theory of thermionic  emission has been p rev ious ly  reviewed i n  

d e t a i l  (Refs.  3 and 4 ) .  The purpose of  t h i s  s e c t i o n  i s  t o  d e s c r i b e  

t h e  experimental  methods u t i l i z e d  i n  measuring e l e c t r o n  emission and 

o b t a i n i n g  subsequent work f u n c t i o n  va lues .  Examination of t h e  e m i s -  

s ion  equa t ion  

I 2 - d / k T e  
S J = - = (1-r) ATe e 
0 

i n d i c a t e s  t h a t  two measurable q u a n t i t i e s  a r e  r e q u i r e d  t o  determine 

t h e  average b a r e  work f u n c t i o n ,  6 .  These two q u a n t i t i e s  are t h e  s a t u -  

r a t e d  e l e c t r o n  c u r r e n t  d e n s i t y ,  J ,  and t h e  e m i t t e r  t empera tu re ,  . 
The apparent  s u r f a c e  area,  S o ,  i s  computed from a dimensional measure- 

ment. The problem a t t e n d a n t  t o  measuring t h e  s a t u r a t e d  e l e c t r o n  e m i s -  

s i o n  i s  t h a t  of determining t h e  app l i ed  e l e c t r i c  f i e l d  which is  j u s t  

necessary t o  e l i m i n a t e  t h e  space charge b a r r i e r  and thus  achieve t h e  

z e r o - f i e l d  emission cond i t ion .  To compensate f o r  t h i s ,  t h e  zero f i e l d  

emission i s  determined from an e x t r a p o l a t i o n  of  t h e  measured c u r r e n t  

p l o t t e d  a s  a f u n c t i o n  of t h e  appl ied e l e c t r i c  f i e l d  i n  a manner de-  

s c r i b e d  by Schottky (Ref. 5 ) .  

Te 

It i s  experimental ly  observed t h a t  t h e  e l e c t r o n  emission from a s u r -  

f a c e  a t  cons t an t  e m i t t e r  temperature and i n t e r e l e c t r o d e  spacing i n -  

c r e a s e s  r a p i d l y  wi th  app l i ed  vo l t age ,  then l e v e l s  o f f  and i n c r e a s e s  

l i n e a r l y  wi th  t h e  square r o o t  of i nc reas ing  f i e l d .  This l a t t e r  r e g i o n  

i s  gene ra l ly  r e f e r r e d  t o  as t h e  Schottky r eg ion  and t h e  s l o p e  of t h i s  

l i n e  may be e x t r a p o l a t e d  back t o  the c u r r e n t  a x i s  t o  o b t a i n  t h e  
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s a t u r a t e d  e l e c t r o n  emission a t  zero f i e l d .  Applied f i e l d  s t r e n g t h s  

g e n e r a l l y  employed t o  o b t a i n  Schottky emission are i n  t h e  l o 4  t o  10 

V/cm range. 

may cause f i e l d  emission,  i n  which c a s e  t h e  the rmion ic - f i e ld  emission 

equa t ions  would apply.  

5 

V / c m  7 E m i t t e r  f i e l d  s t r e n g t h s  on t h e  o r d e r  of lo6  t o  10 

The s a t u r a t e d  e l e c t r o n  emission va lues  ob ta ined  from t h e  Schottky p l o t  

are  used t o  determine the average work f u n c t i o n  of the emi t t i ng  s u r f a c e  

by way of a Richardson p l o t  which e m p i r i c a l l y  r e l a t e s  the measured quan- 

t i t i e s  of E q .  1. The s l o p e  of the Richardson l i n e  i s  the  value of the 

average bare  work f u n c t i o n  and the  o r d i n a t e  i n t e r c e p t  i s  the  va lue  f o r  

t h e  Richardson-Dushman emission c o n s t a n t ,  A. It has been the expe r i -  

ence of workers i n  t h e  f i e l d  of e l e c t r o n  emission physics  t h a t  A v a l u e s  

are extremely d i f f i c u l t  t o  o b t a i n  s i n c e  e x t r a p o l a t i n g  t o  t h e  o r d i n a t e  

i n t e r c e p t  means t r anscend ing  s e v e r a l  decades of emitter temperatures 

where l i t t l e  d a t a  e x i s t s .  F u r t h e r ,  A va lues  a r e  extremely s e n s i t i v e  

t o  s u r f a c e  contaminat ion which can r e s u l t  from p a r t i a l  p re s su res  of 

g a s e s ,  such as O2 and N For t h e s e  r e a s o n s ,  

t h e  t h e o r e t i c a l  v a l u e  of 120 amps/cm2 - OK2 i s  f r e q u e n t l y  assigned t o  

A and t h e  r e s u l t i n g  work f u n c t i o n  i s  de f ined  a s  t h e  e f f e c t i v e  work 

func t ion .  The t y p i c a l  Langmuir "S" emission p l o t s  used t o  eva lua te  

emitter and c o l l e c t o r  work f u n c t i o n s  from cesium-coated su r faces  are  

p l o t s  of e f f e c t i v e  work f u n c t i o n  computed from Eq. 1 wi th  A s e t  a t  t h e  

t h e o r e t i c a l  value.  

i n  t h e  loe9  t o r r  range. 2 '  

2 . 1  VACUUM EMISSION VEHICLE (VEV) 

The vacuum emission v e h i c l e  c o n s i s t s  of four  major components, emitter 

sample,  e l e c t r o n  bombardment h e a t e r  assembly, c o l l e c t o r ,  and guard 

r i n g .  F igu re  1 shows t h e s e  components i n  r e l a t i o n  t o  one another.  

7 1 I a - SA- 2 8 
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The e m i t t e r  sample and e l e c t r o n  h e a t e r  subassembly i s  an i n t e g r a l  u n i t  

which may be removed and r e i n s t a l l e d  by a s imple b o l t i n g  arrangement. 

The sample can be heated t o  a temperature  of 2400OK without  the base  

temperature  exceeding 700°K. 

Sample temperatures  are  measured wi th  a mic ro -op t i ca l  pyrometer focused 

on a 1 O : l  hohlraum l o c a t e d  i n  t h e  s i d e  of t h e  sample, and p a r a l l e l  w i t h  

t h e  e m i t t i n g  s u r f a c e .  The vapor-deposi ted rhenium emitter sample i s  

electron-beam-welded onto a rhenium tube  which i s  heat-choked t o  mini- 

mize conduction l o s s e s .  The t u b e ,  i n  t u r n ,  i s  vanadium-brazed i n t o  a 

molybdenum p l a t e  which s e r v e s  as a holding base  f o r  t h e  sample, as w e l l  

as t h e  e l e c t r o n  bombardment gun. F igu re  2 shows t h e  c o l l e c t o r  and 

guard r i n g  mounted i n  a s t a i n l e s s  s t ee l  test  f i x t u r e .  The molybdenum 

c o l l e c t o r  i s  mounted p a r a l l e l  t o  t h e  sample a t  a co ld  spacing of 0.040 

*0.001 i nch  and i n t e r c e p t s  t h e  e l e c t r o n  emission from t h e  c e n t r a l  1.83 

s q u a r e  cen t ime te r s  of t h e  4.0 squa re  cen t ime te r  e m i t t i n g  su r face .  The 

c o l l e c t o r  s t r u c t u r e  inc ludes  a r a d i a t i o n  f i n  of approximately 80 squa re  

c e n t i m e t e r s .  The r a d i a t i n g  f i n s  a r e  coated wi th  a Rokide "C" c o a t i n g  

t o  a d j u s t  i t s  e m i s s i v i t y  t o  0.78. The c o l l e c t o r  i s  hea ted  d i r e c t l y  by 

r a d i a t i o n  from t h e  sample and by c o l l e c t e d  e l e c t r o n s  d i s s i p a t i n g  energy 

acqu i red  from t h e  a p p l i e d  f i e l d  between emitter and c o l l e c t o r .  

h i g h e s t  v o l t a g e  and h i g h e s t  c u r r e n t  l e v e l s ,  t h e  c o l l e c t o r  thermal inpu t  

amounts t o  over 50 wat t s  which is  d i s s i p a t e d  by t h e  r a d i a t i n g  f i n  area. 

The c o l l e c t o r  s u r f a c e  o p e r a t e s  a t  temperatures  less than  50OoC. 

A t  t h e  

High p u r i t y  s t a n d - o f f  ceramic i n s u l a t o r s  (AL 9 9 5 ) ,  p r e c i s i o n  ground i n  

l e n g t h  and diameter  t o  0.0003 i n c h ,  a r e  used t o  provide e l e c t r i c a l  in-  

s u l a t i o n  and t o  a c c u r a t e l y  p o s i t i o n  t h e  c o l l e c t o r  assembly with r e s p e c t  

t o  both t h e  emitter and guard r i n g .  The molybdenum guard r ing  i s  con- 

c e n t r i c  t o  t h e  c o l l e c t o r  w i t h i n  f0.0015 i n c h ,  and s e r v e s  as a guard f o r  

t h e  c o l l e c t o r  s u r f a c e  as w e l l  as t h e  c o l l e c t o r  body. The guard r i n g  

which r e c e i v e s  h e a t  i npu t  i n  a manner s imi l a r  t o  t h e  c o l l e c t o r  i s  a l s o  

provided w i t h  r a d i a t o r  f i n s .  
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Figure  2. Vacuum Emission Vehicle  Mounted i n  T e s t  F i x t u r e  
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Figure  3 is t h e  schematic of t h e  e l e c t r i c a l  t e s t  s e t u p  f o r  t h e  VEV. 

A Keithly 610R micro-microammeter i s  used t o  measure c o l l e c t o r  c u r r e n t .  

It has an accuracy of 3 p e r c e n t  from 3 amperes t o  10 ampere and 4 
p e r c e n t  f o r  10 t o  ampere. A Boonton 95A micro-microammeter 

( 4  percent  a c c u r a t e  a t  10 , i s  used t o  measure t h e  c u r r e n t  flow be- 

tween t h e  c o l l e c t o r  and guard r i n g .  I n  o p e r a t i o n  t h e  c u r r e n t  flow is  

maintained two t o  t h r e e  decades below t h e  c u r r e n t  l e v e l  measured i n  

t h e  c o l l e c t o r  c i r c u i t .  For p r a c t i c a l  pu rposes ,  t h e  p o t e n t i a l  of t h e  

guard r i n g  under t h e s e  c o n d i t i o n s  i s  considered t o  be equa l  t o  t h a t  o f  

t h e  c o l l e c t o r .  

environment a t  p r e s s u r e s  of 4 t o  9 x 10 t o r r  a f t e r  t h e  t e s t  f i x t u r e s ,  

emission v e h i c l e  components, and vacuum b e l l  jar were thoroughly baked 

o u t .  Two Fluke model 408B power s u p p l i e s  were used t o  ma in ta in  and 

a d j u s t  t he  p o t e n t i a l s  of t h e  c o l l e c t o r  and guard r i n g .  The ou tpu t  of 

t h e s e  supp l i e s  i s  a d j u s t e d  by a p r e c i s i o n  Kelvin Varley d i v i d e r ,  pro- 

v i d i n g  an accuracy of 1 / 4  pe rcen t  and r e s e t a b i l i t y  of 0 .1  p e r c e n t .  

- 10 
- 10 

- 13) 

All emission measurements were t aken  i n  a vac-ion pumped 
-8 

The e m i t t e r  sample temperature  measurement i s  r e p e a t a b l e ,  by expe r i -  

enced o p e r a t o r s ,  w i t h i n  f 3 O K .  

t u r e s  i n  t h e  2000°K t o  2500°K range i s  *7OK, a v a l u e  c o n s i s t e n t  w i t h  

t h e  Bureau of Standards c e r t i f i c a t i o n  of s t r i p - f i l a m e n t  lamps (Ref. 6 ) .  

EOS micro -op t i ca l  pyrometers have been con t inuous ly  checked and c a l i -  

b r a t e d  aga ins t  t h e s e  lamps f o r  a pe r iod  of f i v e  y e a r s  without  any de- 

t e c t a b l e  v a r i a t i o n .  I n  a d d i t i o n ,  c o r r e c t i o n s  f o r  t h e  photon t r a n s -  

mis s ion  l o s s  through Pyrex viewing windows were determined as shown i n  

Table I. 

The a b s o l u t e  de t e rmina t ion  of tempera- 

The combined experimental  accuracy f o r  determining work f u n c t i o n  v a l u e s  

from t h e  experimental  measurements of c u r r e n t ,  temperature ,  and area 

are est imated t o  b e  f0.04 eV.  

7 118- SA- 2 12 
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Figure  3 .  Schematic o f  E l e c t r i c a l  Ins t rument  f o r  
Vacuum Emission Vehicle  
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TABLE I 
TRANSMISSION CORRECTIONS 

FOR MICRO-OPTICAL PYROMETER MEASUREMENTS 

True AT 
Temperature (Transmission Loss Through 

OC 12 in. Diameter Bell Jar) 

1227 

1427 

1627 

1905 

13  

16 

19 

2 3  

2 . 2  EFFECTIVE WORK FUNCTION EVALUATION (A = 120 AMPS/cm2-oK2) OF 
VAPOR-DEPOS ITED RHENIUM 

The electron emission from four vapor-deposited rhenium samples was 

measured in the vacuum emission vehicle utilizing those instruments 

and methods as described in the previous section. The average effec- 

tive work function of these samples is listed in Table 11. The fol- 

lowing paragraphs describe some of the experimental particulars employed 

to determine those work function values. 

2 . 2 . 1  VAPOR-DEPOSITED RHENIUM SAMPLE I 

Electron emission measurements were taken from Sample I at six emitter 
temperatures in the range of 1940°K to 2350OK. 

the emission was measured as a function of the applied voltage between 

the emitter and collector to establish the Schottky line. Applied 

voltages from 1 volt to 3 kilovolts were used to obtain these measure- 

ments, although it was found that the Schottky line could be adequately 
determined from applied voltage levels of 1 kilovolt. Since the 

Schottky line is used to obtain the field-free, or saturated emission, 

from which the work function is determined, it was critically important 

to maintain a constant emitter temperature and electric field during 

At each temperature 
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Emi t t er 
Temp OK 

1698 

1792 

1855 

185 7 

1876 

19 43 

1947 

2003 

2008 

2046 

205 1 

209 6 

2 105 

2150 

2 160 

2195 

2205 

2262 

2336 

TABLE I1 
SbNMARY OF EFFECTIVE WORK FUNCTION, fleff ," 

VAPOR-DEPOSITED RHENIUM SAMPLES 

-1. 

Sample I 

(5.05) 

(5.06) 

(5.07) 

5.08 
- -  
-- 

5.06 

(5.08) 

5 .08 
- -  

(5.08) 
- -  

5.08 
-- 
-- 
-- 
- -  

5.09 

5.10 

Sample I1 

5.09 

5 .12  

5.12 
- -  

- -  
- -  
-- 

5.13 
- -  
- -  

5.15  
- -  

5.16 

5.14 

5.10 
- -  

5.11  

5.15 

5.15 

Sample I11 Sample IV 

- -  
5.12 
- -  

-- 
5.14 
- -  

5.13 
- -  

5.15 
- -  

5.17  

* 
Estimated (b 3~0.04 eV, as discussed in Subsection 2 . 1  eff 

the measurements. Consequently, before each set of data was taken, all 

components of the emission vehicle were allowed to reach a steady-state 

temperature. In this manner thermal expansion of the emitter subassem- 

bly and collector subassembly and mounting fixture was held constant 

for an established emitter temperature. 

7 1 18- SA- 2 15 



The e f f e c t i v e  work f u n c t i o n  was c a l c u l a t e d  from t h e  expres s ion  

= (1.98 x T log  [120 SoT2/I(0)] 8 e f f e c t i v e  

where S is  t h e  emitter a r e a  ( i n  squa re  cen t ime te r s )  de f ined  by t h e  

co l l ec to r -gua rd  r i n g  geometry; T i s  t h e  e m i t t e r  temperature  ( i n  OK); 

and I(0) i s  t h e  ze ro  f i e l d  s a t u r a t e d  emission i n  amperes. The con- 

s t a n t ,  1 .98  x 10 , i s  a p p r o p r i a t e  f o r  $ 

v o l t s  and f o r  logari thms t o  t h e  base 10. 

0 

i n  u n i t s  of e l e c t r o n  -4 
e f f e c t  iv  e 

The s o l i d  l i n e  i n  Fig. 4 was drawn through t h e  experimental  d a t a  p o i n t s  

and r e s u l t e d  i n  a measured s l o p e  w i t h i n  1 . 7  pe rcen t  of t h e  t h e o r e t i c a l l y  

p r e d i c t e d  value.  Other Schottky p l o t s  y i e l d e d  s i m i l a r  agreement between 

measurements and theory.  

Each z e r o - f i e l d  emission c u r r e n t  v a l u e  a t  a g iven  temperature  was a l s o  

used t o  c o n s t r u c t  a Richardson p l o t  as shown i n  Fig.  5 .  From t h e  s l o p e  

of t h e  l i n e  t h e  Richardson work f u n c t i o n  is  measured t o  be 4.93 eV.  The 

Richardson i n t e r c e p t  \ is  49 A/cm (OK) . 2 2 

S i n c e  the  Richardson l i n e  and t h e  e f f e c t i v e  work f u n c t i o n  v a l u e  are 

merely a l t e r n a t e  ways of p r e s e n t i n g  t h e  s a m e  experimental  d a t a ,  t h e r e  

i s  a r e l a t i o n s h i p  between t h e  e f f e c t i v e  work f u n c t i o n ,  sample temper- 

a t u r e ,  Richardson work 

parameters are  r e l a t e d  

- - 
' e f f e c t i v e  

f u n c t i o n ,  and Richardson i n t e r c e p t .  These 

by 

$R + kT ln(120/AR) 

where In des igna te s  Naperian logari thms.  Converting t o  base  t e n  

logari thms , t h i s  expres s ion  can be w r i t t e n  

-4  ' e f f e c t i v e  = 'R + 1.98 x 10 T log  (120/%) 

(3) 

( 4 )  
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Figure 5. Richardson Plot f o r  Vapor-Deposited 
Rhenium Sample I 
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2 2 f o r  work f u n c t i o n s  i n  u n i t s  of e l e c t r o n  v o l t s ,  and + i n  A/cm (OK) . 
Thus, u s i n g  t h e  experimental ly  determined Richardson work f u n c t i o n  and 

i n t e r c e p t ,  9 
t o  t h e  above equa t ion  i f  t h e  d a t a  a n a l y s i s  i s  c o n s i s t e n t .  

should va ry  l i n e a r l y  wi th  temperature  according e f f e c t i v e  

F i g u r e  6 i s  a p l o t  of e f f e c t i v e  work f u n c t i o n s  f o r  Sample I v e r s u s  

temperature .  The s o l i d  l i n e  i n  t h i s  f i g u r e  i s  computed w i t h  t h e  @ 

and \ determined from t h e  Richardson p l o t  i n  F ig .  5 .  

work func t ions  shown i n  parentheses  i n  Table I1 were ob ta ined  from 

t h e  l i n e  of Fig.  6 .  

R 
The e f f e c t i v e  

2 . 2 . 2  VAPOR-DEPOSITED RHENIUM SAMPLES 11, 111, AND I V  

The e l e c t r o n  emission d a t a  obtained from Samples 11, 111, and I V  were 

analyzed and computed i n  accordance w i t h  t h e  preceding d i s c u s s i o n  on 

Sample I. 

v a r i e d  a t o t a l  amount of f0.04 eV about t h e  median v a l u e  of 5.12 e V  

(see Table 11). 

a t  EOS were s imi l a r  t o  v a r i a t i o n s  t h a t  have been p r e d i c t e d  (Ref. 7) 

and i n v e s t i g a t e d  by o t h e r  observers  (Ref. 8). A t y p i c a l  example of 

t h e s e  v a r i a t i o n s  i s  shown i n  F ig .  7. 

The e f f e c t i v e  work func t ion  va lues  recorded f o r  a l l  samples 

V a r i a t i o n s  i n  the  l i n e a r i t y  of t h e  Schottky p l o t  s een  

2 . 3  EFFECTS OF ELECTRO-ETCHING 

Sample I1 was s e l e c t e d  t o  a s c e r t a i n  whether t h e  e f f e c t i v e  work func- 

t i o n  of vapor-deposi ted rhenium could b e  a l t e r e d  by e l e c t r o - e t c h i n g .  

F i g u r e  8 is  a me ta l log raph ic  photo taken a t  500X of t h e  vacuum h e a t  

t r e a t e d  vapor-deposi ted rhenium s u r f a c e  b e f o r e  e l e c t r o - e t c h i n g .  I n  

a d d i t i o n  t o  t h e  i n i t i a l  hea t  t reatment  of 230OoC f o r  1 hour ,  t h e  sample 

had been operated a t  1900°C f o r  40 hours .  
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Figure  7 .  Periodic-Type Var i a t ions  i n  a Schot tky P l o t  of 
E lec t ron  Emission 
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Figure  8. Photomicrograph o f  Vapor-Deposited Rhenium 
Sample I1 a f t e r  Vacuum Heat Treatment a t  a 
Temperature of 230OoC f o r  1 Hour, Subsequent 
Opera t ion  a t  Approximately 1300°C f o r  
Approximately 40 Hours 

7 1 12 - SA- 2 
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1’ 

F i g u r e  9. Photomicrograph of  Vapor-Deposited Sample I1 
a f t e r  E l e c t r o e t c h i n g  (see  Fig.  8 5001:) 

22 



Sample I1 was e l e c t r o - e t c h e d  wi th  t h e  vapor-deposi ted rhenium as t h e  

anode i n  an e l e c t r o l y t i c  s o l u t i o n  of 350 m l  p e r c h l o r i c  a c i d ,  175 m l  

methanol,  and 50 m l  butoxyethanol.  A rhenium rod w a s  used as a ca th -  

ode. 

of approximately 0 . 1  A / c m  . 
s t a n t l y  and t h e  temperature  was maintained a t  approximately 20%. 

u r e  9 i s  a me ta l log raph ic  photo of t h i s  same s u r f a c e  a f t e r  e l e c t r o -  

e t c h i n g  ope ra t ion .  A s  expected,  t h e  removal of rhenium from t h e  s u r -  

f a c e  was not  uniform. This process  transformed t h e  s u r f a c e ,  which w a s  

i n i t i a l l y  smooth i n  appearance,  t o  a jagged s u r f a c e  bound by s h a r p  

edges. 

observed. 

t h o s e  o f  neighboring g r a i n s .  

A p o t e n t i a l  between 2 t o  5 v o l t s  w a s  u sed ,  w i t h  a c u r r e n t  d e n s i t y  
2 The e l e c t r o l y t i c  b a t h  w a s  s t i r r e d  con- 

Fig- 

Grain boundaries  were excessively etched and e t c h  p i t s  were 

The r e l a t i v e  h e i g h t s  of the g r a i n s  changed, some w e l l  below 

This  same sample was then  t e s t e d  i n  t h e  vacuum emission v e h i c l e  t o  

determine i f  t h e  emission c h a r a c t e r i s t i c s  had been a l t e r e d  by t h i s  

p rocess .  

i n  f a c t ,  a t  each reproduced emitter temperature ,  measured c u r r e n t s  as 

a f u n c t i o n  of a p p l i e d  f i e l d  were i d e n t i c a l  t o  t h e  ' be fo re -e t ched"  

c o n d i t i o n .  

N o  change was observed in t h e  s a t u r a t e d  e l e c t r o n  emission;  
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SECTION 3 

ELECTRON EMISSION MICROSCOPE 

E l e c t r o n s ,  t he rmion ica l ly  emit ted from a specimen metal  a t  h igh  

t empera tu res ,  can b e  used t o  provide a magnified image of t h e  spec i -  

men s u r f a c e  by a c c e l e r a t i n g  them through an e l e c t r o s t a t i c  l e n s  system 

and focus ing  them on a phosphor screen.  An imaging device  designed 

f o r  t h i s  purpose i s  c a l l e d  a thermionic e l e c t r o n  emission microscope. 

A thermionic  emission microscope i s  normally ope ra t ed  so  t h a t  t h e  l i g h t  

i n t e n s i t y  emi t ted  by a r eg ion  of t h e  image on t h e  phosphor s c r e e n  i s  

p r o p o r t i o n a l  t o  t h e  e l e c t r o n  cu r ren t  emi t ted  by t h e  corresponding re- 

g ion  o f  t h e  specimen su r face .  Thus t h e  p a t t e r n  d i sp layed  by t h e  image 

and t h e  c o n t r a s t  i n  t h e  p a t t e r n  are t h e  r e s u l t  of s e l e c t i v e  e l e c t r o n  

emiss ion  from t h e  specimen. S ince  the e l e c t r o n  emission from a r eg ion  

of t h e  specimen s u r f a c e  i s  determined by t h e  l o c a l  e l e c t r o n  work func- 

t i o n ,  t h e  p a t t e r n  d isp layed  by t h e  image i s  b a s i c a l l y  t h e  work func- 

t i o n  p a t t e r n  of  t h e  specimen sur face .  

The work func t ion  p a t t e r n  i s  due t o  t h e  d i s t r i b u t i o n  of exposed c r y s t a l  

f a c e s  developed wi th in  t h e  s u r f a c e  g ra ins .  Each f a c e  of a c r y s t a l  has  

a c h a r a c t e r i s t i c  work f u n c t i o n ,  and those  exposed on t h e  specimen s u r -  

f a c e  appear i n  t h e  emission image with an i n t e n s i t y  i n v e r s e l y  r e l a t e d  

t o  t h e i r  work func t ion  v a l u e s ,  i . e . ,  h igh  work func t ion  f aces  appear 

a s  low i n t e n s i t y  reg ions  and low work func t ion  f aces  as h igh  i n t e n s i t y  

r eg ions .  Sur face  mic ros t ruc tu re  i s  made v i s i b l e  by t h e  work func t ions  

of v i c i n a l  f aces  developed i n  i r r e g u l a r i t i e s  of t h e  s u r f a c e .  
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3 . 1  MICROSCOPE DESIGN AND OPERATION 

It was anticipated that many of the vapor-deposited rhenium grains 

would have dimensions as small as 0.002 inch or less. This was known 

to be true, at least, for heat treated vapor-deposited tungsten. Based 

on these considerations, a microscope magnification of l O O O X  was se- 

lected to present a readily discernible image on a 3-inch-diameter 

screen. In conjunction with this, it was felt desirable to have a 

resolution of 0.11 to 0.2p so that microstructure within an individual 

grain could be examined. Having established these criteria, a modi- 

ficat ion of the EOS emission microscope required: 

a. A two-lens system to achieve a minimum of l O O O X  magnification. 

b. A 30 kV accelerating potential to achieve 0.1~ resolution. 

c. A high temperature grid and grid support system to permit 
emitter samples to operate at temperatures of 1900°C t o  
20OO0C. 
sufficient screen illumination from such a high work func- 
tion surface. 

These temperatures were projected as necessary for 

The five basic components of the microscope are the sample mount and 

heater; the X, Y, and 2 traverse mechanism; lenses; screen; and vacuum 
system. The design and operation of these components, especially the 

lens section, determine the quality of the image and the versatility 

of the instrument. Figure 10 is an assembly drawing of the modified 
microscope indicating the location of these components. 

The emitter sample and electron bombardment heater assembly is an 

integral unit retained from the vacuum emission vehicle studies. It 

is therefore possible to transfer an emitter sample without inter- 

mediate steps of welding, brazing or processing from the VEV to the 

emission microscope. In this manner the sample surface remains free 

from distortion or contamination. It is also important to recall that 
the heater unit remains exactly in place with respect to the emitter, 

hence providing a means of reproducible temperature measurements. 
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Sample temperatures  were determined by measuring t h e  temperature  of a 

hohlraum d r i l l e d  i n t o  t h e  s i d e  of t h e  sample w i t h  a depth- to-diameter  

r a t i o  of 10 t o  1. The hohlraum w a s  observed through a view p o r t  

l oca t ed  on t h e  s i d e  of t h e  vacuum chamber of t h e  microscope. 

p e r a t u r e  measurements were conducted wi th  t h e  same c a l i b r a t e d  micro- 

o p t i c a l  pyrometer used t o  measure sample temperatures  i n  t h e  VEV. Cor- 

r e c t i o n s  f o r  view p o r t  l o s s e s  were s l i g h t l y  less than  t h e  b e l l  j a r  

l o s s e s  l i s t e d  i n  Table I. 

A l l  t e m -  

The sample mount and h e a t e r  assembly a r e  mounted on a 0.0001 inch  

micrometer d r i v e  X ,  Y, and Z t r a v e r s e  mechanism which provides  a p r e -  

c i s i o n  method f o r  surveying t h e  sample s u r f a c e  and for measuring t h e  

microscope magn i f i ca t ion .  Sample excursions of approximately 1 / 2  i nch  

along t h e  microscope a x i s  and 3 / 8  i nch  i n  both d i r e c t i o n s  perpendicu- 

l a r  t o  t h e  a x i s  were p o s s i b l e .  

The two e l e c t r o s t a t i c  l e n s e s ,  t h e  immersion o b j e c t i v e  l e n s  and t h e  

p r o j e c t i o n  l e n s ,  a r e  three-element  l e n s e s  adapted from a des ign  by 

Johannson and i s  d i scussed  i n  d e t a i l  i n  h i s  paper (Ref. 9 ) .  Each l e n s  

i s  designed t o  y i e l d  an approximate magn i f i ca t ion  of 33X; t h e r e f o r e ,  

t h e  two l e n s e s  can achieve l O O O X  magn i f i ca t ion .  Since t h e  image q u a l i t y  

i s  extremely s e n s i t i v e  t o  t h e  l e n s  alignment and e l l i p t i c i t y  of t h e  

i n d i v i d u a l  l e n s  a p e r t u r e s ,  t h e  l e n s  elements were assembled and a l i g n e d  

a x i a l l y  t o  w i t h i n  0.0005 inch. The i n d i v i d u a l  a p e r t u r e  e l l i p t i c i t y  

exceeded the  design s p e c i f i c a t i o n  of 0.0004-inch roundness. The f i n a l  

alignment and in spec t ions  were conducted a f t e r  t h e  l e n s e s  were vacuum 

h e a t  t r e a t e d  a t  temperatures 200 t o  3OO0C h i g h e r  than  t h e i r  intended 

temperatures of ope ra t ion  i n  t h e  microscope. 

Because of t h e  high e m i t t e r  temperatures  and t h e  c l o s e  spacing between 

t h e  g r i d  and t h e  sample, t h e  f i r s t  l e n s  element i n t e r c e p t s  a cons ide r -  

a b l e  amount of r a d i a n t  h e a t .  To avoid excess ive  h e a t i n g  of t h i s  element 
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and t o  reduce t h e  p o s s i b i l i t y  of warpage and misalignment,  i t  is made 

from a r c - c a s t  molybdenum and mounted f i r m l y  on a heavy molybdenum r i n g  

which i s  i n  t u r n  mounted f i rmly  i n t o  t h e  vacuum chamber w a l l s .  Because 

of  t h i s  arrangement, t h e  f i r s t  lens  element i s  n e c e s s a r i l y  ope ra t ed  a t  

ground p o t e n t i a l .  The remaining fou r  elements of t h e  l e n s e s  are h igh  

v o l t a g e  elements and are e l e c t r i c a l l y  i n s u l a t e d  from t h e  chamber. The 

l a s t  element of t h e  p r o j e c t i o n  lens  i s  i n  c o n t a c t  w i th  a c y l i n d r i c a l  

t u b e  which suppor t s  a phosphor screen.  This  t ube  provides  a f i e l d - f r e e  

d r i f t  space and subsequent t a r g e t  a r e a  f o r  e l e c t r o n s  emerging from t h e  

l e n s  system. 

The phosphor sc reen  simply converts  t h e  e l e c t r o n  image t o  a v i s u a l  

image which i s  viewed through a 4-1/2 inch g l a s s  viewport i n  t h e  end 

of t h e  microscope chamber. The screen i s  a 3-1/4 inch  diameter  non- 

browning g l a s s  aluminized f o r  30 kV opera t ion .  It i s  coa ted  wi th  a 

P31 phosphor wi th  a 1/8- inch h o l e  i n  t h e  c e n t e r .  I n  t u r n  t h i s  h o l e  i s  

used t o  l o c a t e  a p r e c i s i o n  h o l e  i n s e r t  of 0.040 *0.0005 inch which 

serves as t h e  a p e r t u r e  f o r  e l e c t r o n  emission measurements. F igu re  11 

i s  a ske tch  of t h e  apparatus  used t o  measure t h e  e l e c t r o n  f l u x  through 

t h e  s c r e e n  a p e r t u r e .  It i s  commonly r e f e r r e d  t o  as a Faraday cup o r  

Faraday cage and was designed t o  p e r m i t  emission measurements w i t h i n  

t h e  i n d i v i d u a l  g r a i n s  of vapor-deposited rhenium. This  Faraday cup 

w a s  i n s t a l l e d  wi th  i t s  a x i s  concen t r i c  t o  t h e  preceding l e n s  system 

a x i s .  The cup i s  a l s o  concen t r i c  t o  a d e c e l e r a t i n g  c o l l e c t o r  which 

p r o h i b i t s  t h e  formation of  secondary e l e c t r o n s  by way of h igh  energy 

e l e c t r o n s  from t h e  v o l t a g e  a c c e l e r a t i n g  s e c t i o n  (Ref. 10). 

The cup c u r r e n t  l ead  i s  guarded i n  such a manner as t o  compensate f o r  

t h e  c u r r e n t  meter v o l t a g e  drop. A dc b a t t e r y  i s  used t o  e q u a l i z e  t h e  

p o t e n t i a l  a c r o s s  t h e  holding ceramic,  t hus  ensu r ing  t h e r e  are no poten- 

t i a l  d i f f e r e n c e s  t h a t  could cause s m a l l  c u r r e n t  shun t s  e x t e r n a l  t o  t h e  

measuring c i r c u i t .  
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A t  c u r r e n t  l e v e l s  of ampere and below, t h e  problems of a c  pickup 

and o t h e r  e l e c t r i c a l  d i s tu rbances  were minimized by e l e c t r i c a l l y  s h i e l d -  

i ng  and sc reen ing  t h e  meters and metering l eads .  The n o i s e  l e v e l  meas- 

u red  1 t o  5 x ampere a t  ope ra t ing  c o n d i t i o n s .  

The vacuum chamber was designed t o  be capab le  of u l t r a h i g h  vacuum oper- 

a t i o n .  A l l  components were f a b r i c a t e d  of materials capable  of h igh  

temperature  vacuum process ing .  Copper gaske t  seals are used on a l l  

f l a n g e s  and t h e  s e a l s  of t h e  view p o r t s  are fused-metal- to-glass  seals. 

The e n t i r e  u n i t  may b e  processed a t  4OO0C, al though t h i s  temperature  

was no t  r e q u i r e d  i n  p r a c t i c e .  It was found t h a t  a 200°C bakeout f o r  

s i x  t o  e i g h t  hours w a s  s u f f i c i e n t  t o  o b t a i n  a p r e s s u r e  of 1 x t o r r  

w i t h  a 140 l i t e r / s e c  vac- ion pump. 

magnetic f i e l d  could d i s t u r b  t h e  e l e c t r o n  beam t r a j e c t o r y  i n  t h e  low 

v o l t a g e  s e c t i o n  of t h e  microscope, nonmagnetic s t a i n l e s s  steels were 

u t i l i z e d  i n  t h e  c o n s t r u c t i o n .  Moreover, t h e  vac- ion pump magnets were 

s h i e l d e d  wi th  mu-metal. A gauss meter measurement i n  t h e  microscope 

i n t e r i o r  i n d i c a t e d  a 0.15 t o  0.25 gauss f i e l d  (which i s  e s s e n t i a l l y  

t h e  e a r t h ' s  magnetic f i e l d ) .  

e x t e r i o r  . 

Since t h e  presence of a 2 o r  3 gauss 

Figure 1 2  i s  a p i c t u r e  of t h e  microscope 

All of t h e  obse rva t ions  discussed i n  t h i s  r e p o r t  were made w i t h  t h e  

system evacuated t o  1 x 10 t o r r  and lower. -8 

The thermionic emission microscope, i n  o p e r a t i o n ,  s a t i s f i e d  o r  exceeded 

a l l  t h e  design goals .  They a r e  enumerated below. 

Magnif icat ion Variable  from 600 t o  1400X 

Resolut ion Approximately 0.15 micron 

High temperature  
o p e r a t  i on  

Faraday cup 5 x ampere and above 

1900 t o  2300OK (as  measured by a micro- 
o p t i c a l  pyrometer s i g h t e d  i n  a blackbody 
hoh 1 r aum) 
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Figure  12. EOS I fodi f ied  I l icroscope Assembly 
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Ultrahigh vacuum < 1 x t o r r  (a t  2200OK emitter 
temp era  t u r  e) 

X,Y ,Z t r a v e r s e  Scans c e n t r a l  3 cm of a cathode sample 
inechanism 0.75 inch diameter  

2 

F igu re  13 d e p i c t s  t h e  microscope in  ope ra t ion .  

3.2 MICROSCOPIC INVESTIGATION OF VAPOR-DEPOSITED RHENIUM 

Vapor-deposited rhenium sample I1 was s e l e c t e d  f o r  s tudy  i n  the t h e r -  

mionic  emission microscope. 

depos i t ed  rhenium (with r e s p e c t  t o  thermal  t r e a t m e n t ,  g r a i n  s i z e ,  and 

work func t ion .  This saxplo was  t r anspor t ed  d i r e c t l y  from t h e  vacuum 

emiss ion  v e h i c l e  t o  t h e  microscope and w a s  opera ted  almost immediately. 

It rep resen t s  a n  average sample of vapor- 

A randomly s e l e c t e d  area of sample I1 was photographed, and a composite 

p i c t u r e  of t h i s  a r e a  i s  shown i n  Fig.  14. The b r i g h t  g r a i n  loca t ed  i n  

t h e  upper c e n t e r  of t h e  p i c t u r e  i s  i n d i c a t i v e  of  a low work func t ion  

g r a i n  surrounded by h igher  work-function g r a i n s  (grey and b l ack  areas). 

The dark  c e n t e r  of each photograph i s  t h e  h o l e  i n s e r t  of t h e  Faraday 

cage  which w a s  l a t e r  mounted f o r  emission measurements. Con t ra s t ing  

shades between g r a i n s  showing d i f f e rences  i n  work func t ions  have been 

observed p rev ious ly ,  us ing  thermionic emission microscopes.  However, 

work func t ion  d i f f e r e n c e s  w i t h i n  an ind iv idua l  g r a i n  (suggested by t h e  

s u r f a c e  i r r e g u l a r i t i e s  i n  Fig.  14)have  not  been observed. 

Subsequent ly ,  t h e  sample was diamond s c r i b e d  wi th  a set  of  or thogonal  

axes  which were used f o r  i d e n t i f i c a t i o n  and l o c a t i o n  of g r a i n s  on t h e  

sample su r face .  Figures  15a ,  15c,  and 15e a r e  micrographs showing the 

s c r i b e  marks a s  they o r i g i n a l l y  appeared on t h e  emi t t i ng  sample s u r -  

f a c e .  It can be seen t h a t  t h e  s c r i b i n g  ope ra t ion  work-hardened o r  

s t r e s s e d  t h e  s u r f a c e ,  which w a s  subsequent ly  r e c r y s t a l l i z e d  when t h e  

e m i t t e r  w a s  brought t o  ope ra t ing  temperature .  I n  some a r e a s  it i s  
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F i g u r e  13. Microscope Test Se tup  



Figure 14. Vapor-Deposited Rhenium Sample 11 Composiile of 
Emission i i icrographs (7502:) 
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BEFORE AFTER 

a. b. 

C. d. 

f .  

F igu re  15. R e c r y s t a l l i z a t i o n  H i s t o r y  of  S e l e c t e d  Areas Along a Sc r ibed  Sur face  Before 
and A f t e r  Secondary ( P r e f e r e n t i a l )  R e c r y s t a l l i z a t i o n  of  Vapor-Deposited 
Rhenium 



i n t e r e s t i n g  t o  no te  t h a t  t h i s  abras ion  a l s o  exposed a more ordered  

s u r f a c e ,  a s  evidenced i n  Fig.  15c wherein t h e  s u r f a c e  i r r e g u l a r i t i e s  

have been "removed" from t h e  dark  g r a i n s .  

F igures  15b, 15d,  and 15f are  photographs showing s c r i b e  l i n e s  a f t e r  

approximately 60 hours ope ra t ion  a t  1800°C t o  1 9 0 0 O C .  

graphs show the l i n e s  have been t o t a l l y  stress r e l i e v e d  and t h a t  sec- 

ondary o r  p r e f e r e n t i a l  r e c r y s t a l l i z a t i o n  has  taken  p l ace .  This  i s  

c o n s i s t e n t  w i th  emission microscope obse rva t ions  made on o t h e r  materials 

such as molybdenum (Ref. 11). 

is  obscured by t h e  Faraday cage which was p laced  i n  f r o n t  of  t h e  sc reen  

a p e r t u r e  f o r  emission measurements. 

These photo- 

The c e n t r a l  p o r t i o n  of t h e  photograph 

Figures  16 and 1 7  compare o p t i c a l  micrographs t o  t h e  corresponding 

e l e c t r o n  emission micrographs of t h e  same l o c a t i o n s  on t h e  sample s u r -  

f a c e .  The o p t i c a l  micrographs conta in  a wider f i e l d  of  view and l a c k  

t h e  f i e l d  d i s t o r t i o n s  a t  t h e  p i c t u r e  edges which are apparent  i n  t h e  

emission micrographs. On t h e  bas i s  of comparing s e v e r a l  such cor -  

responding sets of photographs,  it was concluded t h a t  g r a i n s  wi th  

s i m i l a r  mic ros t ruc tu re  and sur face  d e t a i l  y i e l d  t h e  same e l e c t r o n  

emission.  It: i s  worth no t ing  t h a t  t h e  s u r f a c e  s t r u c t u r e  observed i n  

F ig .  16 was a l s o  i d e n t i f i e d  a s  t o  form and q u a n t i t y  i n  t h e  o t h e r  t h r e e  

samples. 

F igu re  18 shows a s u r f a c e  i r r e g u l a r i t y  t y p i c a l  of t h e  sample. These 

i r r e g u l a r i t i e s  a r e  s i m i l a r  i n  appearance t o  chemical o r  d i s l o c a t i o n  

"etch" p i t s  observed on t h e  sur faces  of o t h e r  mater ia ls .  However, 

t hey  lack  t h e  number dens i ty  usua l ly  a s s o c i a t e d  wi th  such e t c h  p i t s  

( R e f .  1 2 ) .  These i r r e g u l a r i t i e s  a r e  probably thermal e t c h  p i t s  - -  a 

r e s u l t  of vacuum hea t  t rea tment .  
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16a. O p t i c a l  i4icrograph 

16b. Emission Micrograph 

F igure  16. Micrographs of  Vapor-Deposited 
Rhenium, Sample IT, a t  1700°C 
a f t e r  Approximately 60 llours of 
Xeat Treatment a t  Approximately 
185OoC, (G40X) 
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17a. Optical Micrograph 

17b. Emission Micrograph 

Figure 17. Micrographs of Vapor-Deposited 
Rhenium Sample 11, at 1700°C 
after Approximately 60 Hours of 
Heat Treatment at About 185OOC 
(840X) 
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Figure  18. Micrograph of a Typ ica l  "Etch" P i t  
a t  2000°K (1150X)  



3 . 3  PREFERRED ORIENTATION OF VAPOR-DEPOSITED RHENIUM 

The emission micrographs i n  t h e  previous s e c t i o n  have d i sp layed  an 

i r r e g u l a r  s u r f a c e  which obviously i s  not  c h a r a c t e r i s t i c  of a s i n g l e  

c r y s t a l  material  t o  a s c e r t a i n  t h e  degree of p r e f e r r e d  o r i e n t a t i o n  ex- 

h i b i t e d  by vapor-deposi ted rhenium. 

A d i r e c t  method u t i l i z i n g  a Geiger coun te r  X-ray spectrometer  (Ref. 13) 

was r e s o r t e d  t o .  An X-ray beam r e f l e c t e d  from t h e  sample s u r f a c e  was 

measured f o r  a p a r t i c u l a r  c r y s t a l l o g r a p h i c  p l ane  as t h e  specimen was 

r o t a t e d  about an a x i s  de f ined  by t h e  i n t e r s e c t i o n  of t h e  sample s u r f a c e  

and d i f f r a c t o m e t e r  a x i s .  

as a f u n c t i o n  of a n g l e ,  measured from t h e  s u r f a c e  normal, i n d i c a t e d  3 

s t r o n g  t e x t u r e .  

The v a r i a t i o n  of d e n s i t y  of a p a r t i c u l a r  plane 

Two vapor-deposited rhenium samples were eva lua ted :  t h e  f i r s t ,  as 

r ece ived  i n  t h e  vapor-deposi t  cond i t ion ;  t h e  second wi th  a p r i o r  ou t -  

gas s ing  h e a t  t reatment  a t  230OOC f o r  t h r e e  hours.  

Table  I11 shows t h e  r e s u l t s  of a simple symmetrical scan of t h e  sample 

s u r f a c e  i n d i c a t i n g  t h e  i n t e n s i t y  of t h e  v a r i o u s  r e f l e c t i o n s .  A very 

s t r o n g  t e x t u r e  wi th  t h e  (002) planes p a r a l l e l  t o  t h e  s u r f a c e  are seen. 

Table  IV shows t h e  v a r i a t i o n  of d e n s i t y  of (002) p l anes  as a f u n c t i o n  

of a n g l e ,  measured from t h e  su r face  normal. Table I V  may b e  analyzed 

by assuming t h a t  t h e  i n t e n s i t y  is  p r o p o r t i o n a l  t o  t h e  volume of d i f -  

f r a c t i o n  m a t e r i a l ,  and c a l c u l a t i n g  t h e  volume of m a t e r i a l  w i t h i n  a 

g iven  angle .  

I n  sample I ,  39.8 percent  of the material  is  o r i e n t e d  wi th  t h e  (002) 

p l a n e  para l le l  t o  t h e  s u r f a c e  and 82.8 p e r c e n t  i s  w i t h i n  10 degrees  

of t h e  s u r f a c e .  Sample I1 contains  29.6 pe rcen t  w i th  (002) o r i e n t a t i o n  
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TABLE 111 

SAMPLE SURFACE SCAN INTENSITIES 

hkl 

100 

00 2 

10 1 

102 

110 

103 

112 

20 1 

004 

104 

203 

2 10 

I 

3 

100 

25 

6 

0.5 

10 
2 

- 0  

10 

1 

- 0  

-0 

Sample IT 

hkl 

100 

002 

10 1 
102 

110 

103 

200 

112 

20 1 
004 

I 

5.5 

100 

4.4 

2 . 2  

- 0  

2.7 

- 0  

- 0  

- 0  

4 .4  

Cu & radiation used 

TABLE I V  

DENSITY VARIATION OF (002) PLANES 

Sample I 

T i l t  Angle 

0 

5 

10 

15 

20 

25 

30 

35 

40 

50 

I 

100 

73 

35 

16 

10 

6 

4 

3 

2.5 

2 
Cu Kty radiation u s e d  

42 

Sample I1 

Tilt Angle I I 

0 

5 

10 

15 

20 

25 

30 

40 

100 

95 

65 

38 

22 

14 

4 

0.4 



. .  

p a r a l l e l  t o  t h e  s u r f a c e  and 7 7  percent  w i t h i n  10 degrees .  There i s  

on ly  a 5.8 pe rcen t  dec rease  i n  (002) s u r f a c e  o r i e n t e d  m a t e r i a l  over  a 

10 degree  t i l t  angle  caused by t h e  h e a t  t r ea tmen t .  This  g ives  a good 

i n d i c a t i o n  t h a t  vapor-deposi ted rhenium r e t a i n s  a h igh  degree  of (002) 

t e x t u r e .  

The experimental  ana lyses  f o r  t h i s  i n v e s t i g a t i o n  were performed by 

P r o f .  C .  R. Barrett a t  t h e  S tanford  Un ive r s i ty  M a t e r i a l s  Sc ience  D e -  

par tment  i n  Pa lo  A l t o ,  C a l i f o r n i a .  

3.4 FARADAY CUP EMISSION MEASUREMENTS 

Q u a n t i t a t i v e  measurements of t h e  emission from i n d i v i d u a l  g r a i n s  were 

ob ta ined  by d i r e c t  measurement of t h e  e l e c t r o n  c u r r e n t  i n t e r c e p t e d  by 

t h e  Faraday cup loca ted  behind the  s c r e e n  ape r tu re .  The sample elec- 

t r o n  c u r r e n t  d e n s i t y  and t h e  Faraday cage c u r r e n t  can be r e l a t e d  by 

t h e  f i r s t  o r d e r  equat ion  

2 I S M  Jo = Ac ( 5 )  

where I i s  t h e  c u r r e n t  from t h e  sample as measured i n  t h e  Faraday cup,  

J o  i s  t h e  real  emitter c u r r e n t  d e n s i t y ,  M i s  t h e  magn i f i ca t ion  of t h e  

microscope,  and A c  i s  t h e  a r e a  of t h e  c o l l e c t i n g  h o l e  i n  t h e  c e n t e r  o f  

t h e  screen .  

A g r i d  of 250 p o i n t s  w a s  randomly s e l e c t e d  from an area of  0 . 7  cm2 and 

examined f o r  emission d e n s i t y .  Three ins t ruments  were used i n t e r -  

changeably f o r  measuring t h e  c u r r e n t :  a Kei th ly  610R, a Boonton 95A, 

and a Cary 31. Measurements from t h e  t h r e e  ins t ruments  agreed w i t h i n  

*1 percen t .  The Cary 31 i s  guaranteed t o  be  w i t h i n  1 pe rcen t  a c c u r a t e .  
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The average e f f e c t i v e  work f u n c t i o n  was coinputed by t h e  d i r e c t  sub- 

s t i t u t i o n  of t h e  temperature  and t h e  emission c u r r e n t  d e n s i t y  i n t o  

t h e  Richardson-Dushman equa t ion  wi th  A c o n s t a n t  t aken  t o  be 120 A / c m  / 
OK . An average c u r r e n t  va lue  was ob ta ined  from 250 i n d i v i d u a l  cu r -  

r e n t  measurements a t  an average e m i t t e r  t empera tu re  of 2158OK. The 

average work f u n c t i o n  computed i n  t h i s  manner w a s  5.28 f 0 . 0 4  ev which 

compares t o  a va lue  of 5.13 f0.04 e V  as ob ta ined  from t h e  vacuum 

emission v e h i c l e .  The apparent  d i s p a r i t y  between t h e s e  v a l u e s  can b e  

a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  s u r f a c e  of t h e  vapor-deposi ted sample 

i s  so  i r r e g u l a r  t h a t  t e n  t o  a hundred t i m e s  more Faraday cup measure- 

ments might be r equ i r ed  t o  o b t a i n  a more n e a r l y  t r u e  average v a l u e  f o r  

t h e  work func t ion .  

2 

2 

The e f f e c t i v e  work func t ions  of t h e  i n d i c a t e d  areas on a p r e v i o u s l y  

mapped composite of a sample a r e a  a r e  shown i n  Fig.  19. There i s  a 

wide v a r i a t i o n  of # (4.97 t o  5.52 eV)  e x h i b i t e d  by t h e  i n d i v i d u a l  

g r a i n s ,  b u t  t h e  lowest of 4.97 eV i s  approximately 80 t o  100 mV h i g h e r  

t han  p o l y c r y s t a l l i n e  rhenium whi l e  t h e  h i g h e s t  work f u n c t i o n  approaches 

t h a t  of s i n g l e  c r y s t a l  rhenium of t h e  (0001) o r i e n t a t i o n .  

e f f  

To b e t t e r  d e l i n e a t e  t h e  v a r i a t i o n  of emission a s s o c i a t e d  wi th  t h e  

i r r e g u l a r i t i e s  d i sp l ayed  by t h e  s u r f a c e , c u r r e n t  p r o f i l e s  were taken. 

By r eco rd ing  t h e  c u r r e n t  on a c a l i b r a t e d  X-Y p l o t t e r ,  a g raph ic  p re -  

s e n t a t i o n  of t h e  high and low emission a r e a s  can be shown. The axes 

and t h e i r  emission p r o f i l e s  measured are  a l s o  shown i n  F ig .  19. 

g raph ic  technique s u b s t a n t i a t e s  t h a t  t h e  emission is  h igh  i n  t h e  l i g h t  

r eg ions  and low i n  t h e  dark r eg ions .  Also,  i t  i n d i c a t e s  t h a t  t h e r e  

a r e  regions of high emission i n  predominantly da rk  a r e a s  t h a t  are  on 

t h e  o rde r  of 0.0001 inch o r  less i n  width.  

This  

A t y p i c a l  emission p r o f i l e  comparing two magn i f i ca t ions  i s  shown i n  

Fig.  20. This technique of emission p r o f i l e s  has been used by o t h e r  

i n v e s t i g a t o r s ,  such as D. Schnek i n  1935 (Ref. 14) .  
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3.5 MICROSCOPE OBSERVATIONS ON VAPOR-DEPOSITED RHENIUM SAMPLE I1 
AFTER ELECTRO-ETCHING 

Vapor-deposited sample I1 was e l e c t r o - e t c h e d  by methods as d e s c r i b e d  

i n  Sec t ion  2 .  A composite of t h e  m i c r o s t r u c t u r e  a f t e r  e t c h i n g  i s  

shown i n  F ig .  21. 

The e l e c t r o - e t c h i n g  carved wider and deeper  g r a i n  boundaries .  The 

l i g h t  a r eas  showed s i g n s  of i n t e n s e  a t t a c k ,  w h i l e  da rk  areas were only 

s l i g h t l y  e tched.  Etch p i t s  were deeper and some areas were d a r k e r .  

Emission p r o f i l e s  were taken a c r o s s  t h e  sample and g raph ic  a n a l y s i s  

was  made t o  determine i f  t h e r e  was any change i n  t h e  average emission 

c h a r a c t e r i s t i c s  of t h e  sample. F igu re  22 compares t h e  emission pro- 

f i l e s  before  and a f t e r  e l e c t r o - e t c h i n g .  The a n a l y s i s  showed t h a t  t h e  

average emission had not changed, a l though t h e r e  were changeg'in t h e  

c h a r a c t e r i s t i c s  of i n d i v i d u a l  g r a i n s ;  i n  some g r a i n s  t h e  emission w a s  

decreased,  where i n  o t h e r s  t h e  emission i n c r e a s e d ,  bu t  t h e  o v e r a l l  

c h a r a c t e r i s t i c  w a s  t h e  same. 
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SECTION 4 

ANALYSIS AND INTERPRETATION (TASK 111) 

4 . 1  INTRODUCTION 

The primary o b j e c t i v e  of t h i s  a n a l y s i s  i s  t o  formulate  a t h e o r e t i c a l  

d e s c r i p t i o n  of thermionic  conve r t e r  performance and apply it t o  an 

a n a l y s i s  and c o r r e l a t i o n  of t h e  parametr ic  v e h i c l e  da t a .  S p e c i f i c  

t o p i c s  r e c e i v i n g  a t t e n t i o n  are:  (1) t h e  s i m i l a r i t y  l a w s  of a cesium 

vapor  d i s c h a r g e ,  (2) t h e  i o n i z a t i o n  mechanisms i n  a cesium piasma, and 

(3) t h e  characteristics of t h e  c o l l e c t o r  shea th .  The a n a l y s i s  w i l l  

a t t empt  t o  cover each r eg ion  of parametr ic  v e h i c l e  o p e r a t i o n  as de- 

f i n e d  by t h e  t y p i c a l  ou tpu t  vo l t age  i n t e r e l e c t r o d e  spacing cu rve ,  V(d), 

shown i n  Fig.  23. 

Region I of Fig.  23 is designated t h e  e l e c t r o n  space charge r eg ion  and 

extends from ze ro  i n t e r e l e c t r o d e  spacing t o  t h e  minimum of V(d) i d e n t i -  

f i e d  as t h e  plasma onse t  p o i n t .  I n  r eg ion  I ,  t h e  ou tpu t  v o l t a g e  a t  

s m a l l  i n t e r e l e c t r o d e  spacings i s  governed p r i m a r i l y  by space charge 

c r e a t e d  by e l e c t r o n s  emi t t ed  by both emitter and c o l l e c t o r  i n  t h e  

absence of s i g n i f i c a n t  numbers of cesium ions .  The t h e o r e t i c a l  model 

adapted f o r  t h e  f i r s t  a n a l y s i s  of t h i s  r eg ion  is  t h e  double vacuum 

diode.  This model i s  v a l i d  a t  very s m a l l  spacings bu t  r e q u i r e s  co r -  

r e c t i o n  as t h e  onse t  p o i n t  i s  approached, f o r  i t  i s  h e r e  t h a t  c o l l i -  

s i o n s  and/or  abso rp t ion  of r a d i a t i o n  c r e a t e  e x c i t e d  atoms and p o s i t i v e  

i o n s  (probably molecular) of cesium. 

For i n t e r e l e c t r o d e  spacings a t  t he  plasma onse t  p o i n t  and above, t h e  

v o l t a g e  output  curve begins  t o  d i sp l ay  c h a r a c t e r i s t i c s  of a cesium 

plasma diode. For t h i s  r eason ,  r eg ion  I1 between t h e  plasma onse t  
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p o i n t  and t h e  maximum of V(d) ( i d e n t i f i e d  as t h e  optimum output  p o i n t  

i n  F ig .  23) i s  des igna ted  t h e  t r a n s i t i o n  region.  It i s  i n  t h i s  r e g i o n  

t h a t  t h e  plasma becomes f u l l y  developed. Region I11 is de f ined  by t h e  

remaining p o r t i o n  of t h e  output  curve beyond t h e  optimum power p o i n t  

and i s  des igna ted  t h e  p o s i t i v e  column region.  

An a n a l y s i s  of t h e  e l e c t r o n  space charge r eg ion  has been completed 

w i t h  a machine s o l u t i o n  which r e l a t e s  ou tpu t  v o l t a g e  t o  i n t e r e l e c t r o d e  

spacing.  The theory of t h e  vacuum double diode was formulated pre-  

v i o u s l y  and i s  not  r epea ted  h e r e ,  r a t h e r  t h e  computer s o l u t i o n ,  i t s  

l i m i t a t i o n s ,  and comparison wi th  experimental  r e s u l t s  are d i scussed .  

4.2 COMPUTER SOLUTIONS OF POISSON'S EQUATION FOR THE DOUBLE DIODE 

P o i s s o n ' s  equa t ion  f o r  t h e  double diode was de r ived  i n  Ref. 1 and is  

r epea ted  h e r e  f o r  r e f e r e n c e .  

dLrl = e' [ l  * e r f  (V1/*)] + Bea' [ l  i e r f  ( ~ ' ' ~ l l ~ ~ ~ ) ]  (6) 
d6* 

< 
where t h e  p o s i t i v e  and n e g a t i v e  s igns  a r e  f o r  5 ,O. 

Experience i n  u s e  of t h e  computer program f o r  s o l u t i o n s  of t h i s  equa- 

t i o n  has  l e d  t o  improvements i n  t h e  program and a b e t t e r  understanding 

of t h e  physics  involved. The improvements w i l l  be  d i scussed  as t hey  

re la te  t o  t h e  computer program sequence given i n  t h e  previous r e p o r t s .  

Completed s o l u t i o n s  provide information on t h e  i n i t i a l  v a l u e  t o  guess 

f o r  w i t h  a given set  of chosen parameters .  This  minimizes t h e  num- 

b e r  of i t e r a t i o n s  necessary t o  f ind  a s o l u t i o n .  The computed e l e c t r o d e  

spac ing  (5, - 5,) w a s  found t o  vary almost l i n e a r l y  wi th  log  B.  There- 

f o r e ,  t h e  second t r i a l  va lue  of B i s  found by m u l t i p l y i n g  o r  d i v i d i n g  
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t he  i n i t i a l  va lue  by a chosen cons t an t .  When two i t e r a t i o n s  are  com- 

p l e t e ,  each succeeding t r i a l  va lue  f o r  fl i s  found by e x t r a p o l a t i o n  o r  

i n t e r p o l a t i o n  us ing  the  prev ious  two v a l u e s  of 9 and the  r e s u l t a n t  

computed e l e c t r o d e  spac ings .  The loga r i thmic  v a r i a t i o n  of $ i s  used 

i n  t h e  p r e d i c t i n g  equat ion .  

There a r e  upper and lower l i m i t s  on t h e  e l e c t r o d e  spac ing  which may 

be used i n  t h i s  a n a l y s i s  o f  a space charge l i m i t e d  thermionic  double 

diode.  These l i m i t s  a r e  determined by the  choice  of  c u r r e n t  d e n s i t y  

i n  t h e  d iode ,  t h e  e l e c t r o d e  s u r f a c e  tempera tures ,  and work f u n c t i o n s ,  

which a r e  h e l d  cons t an t  f o r  each computation. 

For d i scuss ion  o f  t he  lower l i m i t  on diode e l e c t r o d e  spac ing  w e  need 

two equat ions  no t  e x p l i c i t l y  g iven  i n  the  prev ious  r e p o r t .  They are 

t h e  r e l a t i o n s h i p  o f  normalized e l e c t r o d e  p o t e n t i a l s  t o  t h e  o t h e r  

parameters :  

L 
“‘le 

(7) 

and 

The minimum u s e f u l  e l e c t r o d e  spac ing  f o r  a n a l y t i c a l  purposes  occurs  

when the  c o l l e c t o r  moves s o  c l o s e  t o  t h e  emi t t e r  t h a t  i t s  p o s i t i o n  

co inc ides  wi th  t h a t  of  t h e  space charge p o t e n t i a l  minimum. I t  may be 

observed from Fig .  24 t h a t  i nc reas ing  $ dec reases  t h e  d i s t a n c e  between 

given p o t e n t i a l  va lues .  Since the  normalized c o l l e c t o r  p o t e n t i a l  a l s o  

decreases  as $ i s  inc reased ,  t he  maximum a l lowab le  va lue  f o r  $ may be 

c a l c u l a t e d  by so lv ing  E q .  8 f o r  $ and a l lowing  the  c o l l e c t o r  p o t e n t i a l  

t o  approach zero .  There i s  a r e l a t e d  h ighe r  l i m i t  on @ s e t  by E q .  7 

but  Eq. 8 g ives  t h e  s m a l l e s t  va lue  s i n c e  the  emit ter  temperature  i s  

h igher  than the  c o l l e c t o r  temperature .  I f  a chosen e l e c t r o d e  spac ing  
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i s  too  smal l  i n  r e l a t i o n s h i p  t o  t h e  o t h e r  pa rame te r s ,  t h e  computer 

program w i l l  s ense  t h e  second t r y  of t h e  maximum $ ( f o r  V/c = 0) and 

p r i n t  a message s t a t i n g  t h a t  t h e  spac ing  i s  t o o  s m a l l ,  and then  pro-  

ceed t o  t r y  t h e  next  se t  of d a t a .  

The maximum e m i t t e r - t o - c o l l e c t o r  spac ing  f o r  a g iven  s e t  of chosen 

parameters  of  t h e  space  charge  l i m i t e d  d iode  i s  determined by a v a i l -  

a b l e  input  energy. A s  t h e  spac ing  approaches t h e  upper l i m i t ,  t h e  

r equ i r ed  app l i ed  p o t e n t i a l  i n c r e a s e s  r a p i d l y .  From Fig .  24 i t  w i l l  

b e  noted t h a t  @ = 0 g ives  t h e  l a r g e s t  spac ing  between g iven  p o t e n t i a l s .  

From Eq. 6 i t  w i l l  be  noted t h a t  a s  $ approaches z e r o ,  t h e  r e l a t i o n -  

s h i p  between p o t e n t i a l  and d i s t a n c e  becomes independent of  cy. The 

approximate va lue  of maximum normalized spac ing  may be  obta ined  from 

Fig .  25. It w i l l  be  noted t h a t  t h e  l e f t  branch becomes e s s e n t i a l l y  

v e r t i c a l  a t  5 = - 2 . 9  and t h e  r i g h t  branch becomes e s s e n t i a l l y  v e r -  

t i c a l  a t  5, = 5.5 .  
e 

The normalized spac ing  thus  g iven  i s  5, = 8.4 .  

The Debye l eng th  f o r  normal iza t ion  of  t h e  chosen d i s t a n c e  inc ludes  B 
as a v a r i a b l e :  

7112 
3 112 3 / 2  

A = [(Eok e m  112 ) %- - %)J a (9) 

For tuna te ly ,  a s  $ approaches ze ro  ( i n  t h e  c a s e  of l a r g e  e l e c t r o d e  

spacing) 1 becomes independent of $. I n  t h e  computer program, t h e  

normalized v a l u e  oL t h e  chosen d i s t a n c e  i s  compared wi th  t h e  f i x e d  

v a l u e  8 . 4 .  I f  t h e  chosen d i s t a n c e  i s  too  l a r g e ,  a message s t a t i n g  

t h a t  f a c t  i s  p r i n t e d  and t h e  next  se t  of parameters  i s  t r i e d .  Of cour se ,  

t h e  presence of ions  i n  tlic p r a c t i c a l  diode w i l l  tend t o  n e u t r a l i z e  

space  charge e f f e c t s  a l lowing  l a r g e r  spac ing  of  t h e  e l e c t r o d e s .  The 

e f f e c t  of ions could b e  included i n  f u t u r e  models of t h e  computer 

p r  ogr  am. 
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Figure 25. Normalized P o t e n t i a l  ve r sus  Normalized 
Distance i n  the I n t e r e l e c t r o d e  Space 
f o r  fl = 0 (@ i s  de f ined  i n  the t e x t )  
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The comparison of computed r e s u l t s  w i th  experimental  r e s u l t s  i s  g iven  

i n  Fig. 26. The discrepancy i n  output  vo l t age  a t  low spac ings  i s  

r e l a t e d  t o  lo s ses  i n  lead  r e s i s t a n c e  between t h e  e l e c t r o d e  s u r f a c e s  

and t h e  p o i n t  a t  which p o t e n t i a l  was measured. It i s  expected t h a t  

t h e  small  amount of i o n i z a t i o n  p resen t  would make t h e  s l o p e  of t h e  

experimental  curve less s t e e p  than  t h e  t h e o r e t i c a l  curve  f o r  a vacuum 

diode.  The degree of  agreement between theory  and experiment g ives  

s u f f i c i e n t  encouragement f o r  f u t u r e  work on t h e  computer program. 
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